Application of modest magnetic fields can be used to control the direction in which laser light incident on aqueous suspensions of magnetic Ni nanowires (∼200 nm in diameter and ∼10 µm in length) is preferentially scattered. Similar effects were observed for suspensions of these nanowires prepared in ethanol, ethylene glycol, and glycerol. In glycerol, the nanowires settle sufficiently slowly that the effects can be quantified. In particular, fields of the order of 100 Oe cause the intensity of light scattered in the forward direction to vary by as much as a factor of thirty-five simply by changing the direction of the field.
Introduction
Recent advances in synthesis techniques have led to an explosion of interest in nanowires and their materials properties. Reports describe, for example, the photoemission of semiconductor nanowires [1] , the giant magnetoresistance of multilayered nanowires [2] , the magnetic behaviour of nickel and cobalt nanowires [3] , the current-voltage response of platinum nanowires [4] , and the development of new methods for manipulating nanowires [5, 6] .
These studies have focused on the properties of 'dry' nanowires and nanowire arrays. A small number of studies have explored the properties of nanowires in solution. For example, diffusion of gold nanowires across several substrates can be restricted or encouraged by varying wire and substrate surface chemistries [7] . Nanowire self-assembly [8] and magnetic response [9] have been controlled in solution by creating nanowires with magnetic segments along their length. Magnetic nickel nanowires have been observed forming chains in aqueous suspensions in small external magnetic fields [4] . A better understanding of the collective behaviour of nanowires suspended in solvents will allow nanowires to more readily be incorporated into applications such as microfluidic, biological, and optical devices. 4 Author to whom any correspondence should be addressed.
Previous studies of ferrofluids, comprising magnetically responsive nanoparticles suspended in a solvent, have reported magnetic control over light diffraction and transmission [10, 11] . Each superparamagnetic nanoparticle forms a single magnetic domain. When a magnetic field is applied, the particles form chains parallel to the applied magnetic field and light is scattered forward in a plane containing the incident laser beam and perpendicular to the applied magnetic field [11] . The chains of particles scatter light in the same way as an infinite cylinder scatters light: incident light that is normal to the cylinder axis is scattered in the plane perpendicular to the cylinder axis and containing the incident light [12] .
The magneto-optical properties of ferrofluids have been utilized to create a magneto-optical switch by sandwiching a ferrofluid thin film between a polarizer and analyser [13] . More recently, similar light scattering and optical switching behaviours have been reported in suspensions of layered materials comprising perovskite sheets and magnetite nanoparticles [14] . In this paper we report the effects of an applied magnetic field on the scattering of light by nickel nanowires that are suspended in a variety of solvents. Specifically, we demonstrate that the light scattering properties of these suspensions are readily controlled by modest applied magnetic fields. Scanning electron microscope image of nickel nanowires on a silicon substrate. The sample was prepared by placing a drop of nickel nanowires suspended in water on the silicon and allowing the drop to dry under ambient conditions. The branching at one end of the nanowire on the right is due to the morphology of the alumina template pore.
Experimental details
The nickel nanowires used in this study were fabricated using a well-known template synthesis technique [3, 15, 16] . Alumina membranes with pores nominally 20 nm wide and 60 µm long were purchased from Whatman, Inc. The membrane's pores widen quickly within a few microns of the filter surface such that the diameter over the length of the pore is 200 nm. A 250 nm thick layer of silver was sputtered on one face to act as a cathode for electrodeposition. The other face was exposed to a commercial nickel plating solution (Watts Nickel Pure from Technic, Inc.), and nickel was electrodeposited in the pores at a constant potential of −1.0 V versus a saturated calomel electrode (SCE). The potential was controlled using a PAR model 173 potentiostat, and a platinum counter electrode was used.
The deposition was allowed to proceed until the nanowires reached a length of 10 µm. The silver backing was dissolved using 3 M nitric acid, and the alumina membrane was then dissolved by immersion in 6 M NaOH. As the membrane dissolved, the nickel nanowires in the pores became suspended in the NaOH solution. The nanowires were collected by centrifugation, the supernatant was removed by pipette, and the nanowires were re-suspended in deionized water to dilute the remaining NaOH. This was repeated three times until the water was removed in a drying oven and the dried nanowires were weighed, re-suspended, and stored indefinitely in water (Millipore), ethanol (from Aaper Alcohol and Chemical Co.), ethylene glycol (from J T Baker, Inc.), or glycerol (from Aldrich Chemicals) at concentrations ranging from 2 × 10 6 to 2 × 10 9 nanowires per ml. The suspension concentrations were calculated from the mass of dried nanowire material, the density of nickel, and the estimated volume of one nanowire. The lengths of the nanowires were measured by dispersing the nanowires on a silicon substrate and imaging them using a LEO 1530 field emission scanning electron microscope operating at 3 kV accelerating voltage.
Some nanowires were made using a simplified technique developed as an undergraduate lab experiment [17] . Analysis of the distribution of nanowire lengths in samples made with each technique showed no significant difference in the distribution of lengths for wires prepared using the two methods. In both cases the relative standard deviation of the length of a group of nanowires was 14%. Figure 1 shows an image of the nickel nanowires used in this study dispersed on a silicon substrate. The nanowires were suspended in water and a drop of the suspension was allowed to dry. Nanowire aggregation occurs as the water dries and the effective concentration of nanowires in the drop increases. Aggregation was discouraged in these studies by using dilute nanowire concentrations.
Results and discussion
The light scattering behaviour of nanowires suspended in ethylene glycol was studied using unpolarized light from a 30 mW Melles Griot HeNe laser (λ = 632.8 nm), as shown in figure 2 . When no magnetic field was applied to the suspension, no preferred direction of light scattering was observed in any solvent employed.
The suspended nanowires were oriented en masse by applying a fixed magnetic field to the cuvette holding the nanowire suspension. The field was created by placing bar magnets on either side of the cuvette or by centring a 7.5 cm × 1 cm oblong magnet below the cuvette. The bar magnets created a field of 150 Oe where the laser beam passed through the cuvette and the oblong magnet created a field of 125 Oe. The laser light was scattered onto a screen as shown in figure 2 . Nanowires oriented parallel to the laser light (along the x axis) caused a general diffuse scattering.
Nanowires oriented in the z direction scattered the light into the x y plane. In contrast, nanowires oriented in the y direction caused the light to scatter in the xz plane. The plane into which the light scattered could thus be rotated by rotating the applied magnetic field. Light transmitted through the nanowire suspensions was passed through a polarizing filter; no evidence of polarization was found.
The rate of nanowire settling through a variety of solvents was studied. First the nanowire suspensions were agitated using ultrasonication or a Pasteur pipette. The cuvette containing the suspension was placed above a magnet (125 Oe), and the intensity of laser light transmitted through the suspension was monitored using an Oriel Instaspec IV CCD detector positioned directly in the laser's path. The diameter of the beam was reduced to 1 mm using neutral density filters.
As the nanowires settled toward the magnet below, the amount of light reaching the detector increased. The nickel nanowires moved slowest in glycerol, and increasingly faster in ethylene glycol, ethanol, and water. As might be expected, this trend tracks the solvent viscosity, which is 1490, 20, 1.2 and 1.0 cP at 20
• C for glycerol, ethylene glycol, ethanol, and water, respectively [18] . In glycerol, no change in light intensity was noted over the course of at least two hours.
Because the nanowires settled most slowly through glycerol, this solvent was utilized in all subsequent experiments. As the orientation of the wires in glycerol was changed by mechanically rotating the oblong magnet beneath the cuvette, the amount of light reaching the detector varied dramatically, as shown in figure 3 . The 125 Oe magnetic field below the suspension was rotated 90
• once every seventy seconds. When the wires were oriented along the y axis, light scattered away from the detector in the xz plane. In contrast, when the wires were aligned along the x axis, more light passed through the suspension and reached the detector. The field was rotated over a one-second period and the nanowires aligned in the magnetic field rapidly. The intensity increased to 90% of its maximum value within ten seconds.
The relative change in light intensity in this experiment increased with the concentration of the nanowire suspension over the range of concentrations studied. A suspension of approximately 2 × 10 9 nanowires per ml produced a ratio of 35:1 between light intensities for the nanowires oriented in the x and y directions. Preliminary experiments have shown that the intensity of light reaching the detector can be reduced to zero by placing crossed polarizers in the light path before and after the nanowire suspension.
The data shown in figure 3 were recorded after the magnetic field had been cycled between positions parallel and perpendicular to the incident laser beam three times. This initial break-in period was necessary to produce fixed variations in intensity. Alternatively, 15 min of equilibration in a constant field was sufficient to stabilize the intensity variations. Observation of the suspensions using a Nikon Eclipse ME600 optical microscope showed that on the timescale of minutes and in an applied magnetic field of 125 Oe, the nanowires formed head-to-tail chains of three to five nanowires in length similar to those reported previously [4] . Once formed, these short chains responded to the changes in external magnetic field as a synchronized unit. We postulate that the need for initial cycling or field acclimatization arises from this nanowire chain formation. After the chains form, the 'on' and 'off' intensities are stabilized.
The magneto-optical switching effect was not observed in control experiments using solvent only or with non-magnetic CuSn alloy nanowires created using the template technique [5] .
To compare the effects that we observed with those arising from suspensions of isotropic magnetic particles, iron microparticles (average diameter ∼7 µm, obtained from Aldrich Chemicals) were suspended in glycerol at a concentration of approximately 10 6 microparticles per ml. When the cuvette holding the suspension was placed in the experimental set-up shown in figure 3 and the magnetic field (125 Oe) rotated, the suspension of iron microparticles scattered light in the same manner as observed for the nickel nanowires: when the field was applied along the x axis, more light reached the detector: when the field was applied along the y axis, less light reached the detector. A drop of the suspension was placed on a glass microscope slide and observed using an optical microscope. When magnetic fields were applied, the Fe microparticles aggregated in chains along the magnetic field lines. This chaining effect (first reported by Hayes [10] ) is responsible for the light scattering. Less concentrated iron microparticle suspensions (10 4 microparticles per ml) did not form chains when moderate magnetic fields were applied and did not demonstrate the optical switching effect.
Conclusion
This work has shown that suspensions of magnetic nickel nanowires display magneto-optical properties similar to those previously observed in ferrofluids. Nanowires scatter light that is incident normal to the wire axis in the plane perpendicular to the wire axis. Suspensions of nickel nanowires in glycerol are sufficiently stable that they can be used to modulate light transmission in the forward direction over periods of hours. These results suggest that nickel and other magnetic nanowires may find use in a variety of magneto-optical applications. Further stabilization of the nanowire suspensions may be achieved with the addition of surfactants.
